The newly identified axotactin (AXO) protein in Drosophila, a member of the neurexin superfamily, appears to be a key element that mediates the effects of glial cells on neuronal membrane excitability and synaptic plasticity.
For many years, investigators have observed in vertebrate cell culture systems that some factors released by glia act to promote channel expression and clustering and to enhance synaptic efficacy in cocultured neurons. For example, astrocytes promote insertion of A-type K + channels into axonal membranes either through physical contact or by the release of some soluble factors 1 and oligodendrocytes release soluble factors that induce Na + channel clustering. 2 The efficiency of spontaneous and evoked neurotransmitter release by retinal ganglion cells in vitro is potentiated by the presence of glia, indicating that development of fully functional synapses in culture requires some glial signal. 3 Despite these observations, the mechanisms and the molecules by which glia communicate with neurons remain unknown. Mutations that impair these signaling mechanisms in an experimentally manipulable system such as Drosophila may provide an alternative route for identifying some of the key proteins and elucidating their mechanisms of action.
In a recent study, we identified a mutation in Drosophila, axo (axotactin), that appears to be a good candidate for a perturbation in a gene required for glial-neuronal signaling. 4 The axo mutant was identified on the basis of its reversible temperature-sensitive paralytic phenotype. This behavioral defect is paralleled by a temperature-dependent block in the propagation of action potentials along nerve bundles. Sequence analysis revealed that the encoded protein (AXO) is a member of the neurexin superfamily of proteins. However, AXO lacks a transmembrance segment present in other family members suggesting that AXO is a secreted protein. Studies showed that whereas the axo gene is expressed specifically in a subset of glial cells, the AXO protein is found in association with axonal membranes, indicating that after being made in glia, the protein is secreted and localizes to the axonal surface. We hypothesize that an AXO-dependent signal is required for the normal expression, localization, or clustering of some set of ion channels in the axon. In the absence of this signal in axo mutants, the aberrant expression or distribution of ion channels is proposed to underlie the observed defect in nerve conduction at elevated temperatures.
Consideration of the structural features of AXO and its relationship with other known members of the neurexin superfamily offers possible insights into how AXO could interact with ion channels. Neurexins were originally identified as a family of vertebrate neuronal cell surface proteins thought to be involved in cell adhesion and intercellular signaling. 5 The characteristic structural framework of neurexins is a repeating cassette composed of a central EGF domain flanked by two Lam G domains. A second branch of the neurexin superfamily is represented by the NCPs, defined by the Drosophila neurexin IV protein and the mammalian contactin-associated protein (caspr), also called paranodin. 6 AXO has structural elements in common with both neurexins and the NCPs bridging these two groups and confirming their inclusion in a superfamily. Although AXO shares the overall domain structure of neurexins and NCPs, it also contains several unique structural features such as the absence of a transmembrane domain and the presence of a Kunitz-like domain at the N-terminus, immediately following the signal peptide. This domain replaces the first Lam G domain of neurexins and the discoidin domain in NCPs. Kunitz domains are associated with several known protease inhibitor peptides but the physiological functions of these domains have not been extensively studied. 7 However, several different Kunitz-domain containing peptides and proteins are known to affect ion channel activity. For example, dendrotoxin 8 and calcicludine, 9 inhibit voltage-gated K + channels and l-type Ca 2+ channels, respectively. In other cases, the Kunitz domain is present in proteins that apparently act as a positive regulator of ion channels. The touch insensitive Mec-9L mutants in C. elegans encode a secreted protein, MEC-9L, that contains a Kunitz domain. 10 It has been proposed that MEC-9L interacts either directly or indirectly with mechanosensory channels, and mis-sense mutations in the Kunitz domain presumably impair the function of mechanosensory channels. By analogy, the Kunitz domain of AXO could have an important role in regulating the activity of various ion channels in axonal membranes.
The presence of PDZ-binding domains in the cytoplasmic tails of neurexins and NCPs suggests that members of the neurexin superfamily might serve as a link between the extracellular environment and intracellular signaling pathways. 11 Many types of ion channels including Ca 2+ channels, K + channels, and Na + channels also possess a PDZ-binding motif at their carboxyl termini. Interaction of these channels with PDZ domain-containing proteins such as PSD95 is essential for the proper membrane localization and distribution of these channels. 12 In this regard, it is of interest that neuroligin, a membrane-associated ligand of at least one vertebrate neurexin splice variant, also binds to PSD95. 13 If a similar protein on axonal membranes acted as a receptor for the secreted AXO, it would be capable of providing a connecting link between AXO and ion channel distribution.
Although these ideas remain speculative and the mechanism by which AXO exerts its effects is still unknown, there are examples of proteins that act in a manner similar to what we have hypothesized for AXO. Perhaps the best example is agrin in vertebrates. Like AXO, agrin also contains EGF and Lam G domains. It also has homology at its N-terminus with protease inhibitors, except that this homology is with members of the Kazal family, instead of the Kunitz-like domain present in AXO.
14 Agrin is secreted from the terminals of motor neurons during development of neuromuscular junctions and results in the formation of high-density clusters of acetylcholine receptors in the muscle membrane at the synaptic zone. 15 Secretion of AXO by glia may exert a similar effect on the distribution and localization of ion channels in axonal membranes.
Many questions about the function of AXO remain to be addressed in detail. Can an effect of AXO on axonal ion channels be shown more directly, for instance by immunolocalization? If so, is the effect on expression of ion channels or their membrane distribution? Are all classes of ion channels affected or only particular types of channels? What are the other components of the putative signaling pathway? Are there specific receptors for AXO 
